abstract: In contrast to mouse germ cell-derived pluripotent stem cells, the pluripotent state of human testis-derived embryonic stem cell (ESC)-like that spontaneously arise in primary testicular cell cultures remains controversial. Recent studies have shown that these cells closely resemble multipotent mesenchymal stem cells (MSCs), raising the question of their origin and designating these cell populations as multipotent human testis-derived stem cells (mhtSCs) rather than truly ESC-like cells. Here, we evaluate the origin of mhtSCs in vitro by culturing selected testicular cell types. We demonstrate that mhtSCs can be obtained equally efficiently in cultures of pure testicular somatic cells devoid of germ cells. Conversely, cultures with a purified population of germ cells/spermatogonia do not produce any mhtSCs. Based on common molecular characteristics of the somatic starting population and mhtSCs, we conclude that mhtSCs colonies originate from somatic mesenchymal progenitors present in primary testicular cell cultures and do not arise from germ cells undergoing incomplete reprogramming in vitro.
Introduction
In vivo, spermatogonial stem cells (SSCs) are responsible for continuous spermatogenesis and differentiate in a unipotent way. Self-renewal and differentiation of SSCs in vivo result in maintenance of the germ stem cell pool as well as formation of mature male gametes. The molecular mechanisms that regulate SSC self-renewal and differentiation in vivo are still largely unknown. Nevertheless, it is well defined that SSCs reside within the seminiferous epithelium in low numbers in the rodent and human testis (Ebata et al., 2008) . This rare cell population lacks specific markers distinguishing them from committed spermatogonia, and as such xenotransplantation into the testis of immunodeficient mice is currently the sole test to confirm their presence (Brinster et al., 1994; Nagano et al., 2001 Nagano et al., , 2002 Kanatsu-Shinohara et al., 2003; Sadri-Ardekani et al., 2009; Hermann et al., 2012) .
The establishment of a mouse SSC culture system allowed further investigation of their unique biological features and revealed that these SSCs propagated under defined conditions in vitro can spontaneously give rise to germ line-derived pluripotent stem cells resembling blastocyst-derived mouse embryonic stem cells (ESCs; Kanatsu-Shinohara et al., 2004; Guan et al., 2007; Seandel et al., 2007) . The process of this spontaneous conversion of initially unipotent germ cells into a pluripotent state is often referred to as 'culture-induced' reprogramming (Jaenisch et al., 2008) .
Direct translation of the methods employed for the induction of a pluripotent cell state of rodent germ cells to the human turned out not to be straightforward. Although three papers have claimed the generation of pluripotent stem cells from human testicular cell culture systems (Conrad et al., 2008; Golestaneh et al., 2009; Kossack et al., 2009) , this has been met with a lot of controversy (Conrad et al., 2008; Ko et al., 2010a,b; Warthemann et al., 2012) . We have previously reported colonies morphologically resembling human ESCs arising spontaneously in primary cultures of human testis (Mizrak et al., 2010) . However, in contrast to pluripotent cells arising in rodent testicular cell culture system, these human testis-derived ES-like cells (htES-like cells) possessed features typical for organ-specific mesenchymal stem cells (MSCs), so-called multipotent stromal cells, rather than pluripotent ESCs (Chikhovskaya et al., 2012) . This suggested that htES-like cells could originate from a subpopulation of uncommitted mesenchymal progenitors present in primary testicular cultures rather than from SSCs via incomplete reprogramming in vitro. Consequently, due to lack of features in common with human ESCs, this cell population was designated as multipotent human testis-derived stem cells (mhtSCs).
In order to directly investigate the origin of mhtSCs, we attempted the generation of mhtSCs from distinct testicular cell populations by application of previously published isolation and culture protocols. In contrast to previously published studies exploring the properties of the appearing colonies, in the current study, we determine from which cell type the colonies in primary testicular cell cultures originate. Various testicular cell populations, consisting of either somatic cells or germ cells or both, obtained with different isolation methods, were assessed for their ability to form mhtSC colonies in vitro and characterized for expression of spermatogonia-specific markers and somatic cell markers. We performed these studies with testicular cells from men with normal spermatogenesis and men with idiopathic Sertoli-cell-only (SCO) syndrome. Our results indicate that while all derived mhtSC colonies possess an identical immunophenotype and differentiation potential, they never arise from pure germ cell populations but only from testicular cell populations containing somatic cells. The presence of testicular MSCs in the somatic cell fraction within the starting testicular cell suspension confirms that mhtSC colonies arise from testicular MSCs rather than by means of de novo formation via culture-induced cell reprogramming or epithelialmesenchymal transition (EMT).
Materials and Methods

Patients
Testicular cells were isolated from frozen-thawed fragments of testis biopsies from three individuals undergoing bilateral orchidectomy as a treatment for prostate cancer and testicular biopsies from three individuals with idiopathic SCO syndrome with informed consent. Histological assessment of testis sections confirmed presence of full spermatogenesis for all tissue samples of prostate cancer patients (n ¼ 3) and the complete absence of germ cells in the three men with SCO syndrome (n ¼ 3). Furthermore, testicular sperm extraction in these SCO men failed to obtain any spermatozoa. Testicular tissues used for research were 'left-over' after clinical diagnostic and treatment procedures. All patients provided informed consent for donating their spare tissue for research. According to Dutch law, these spare tissues can be used for research without approval of a medical ethical committee as none of the patients had to undergo any additional intervention to obtain the material for this research.
Testicular cell isolation and culture
Testicular cell isolation was performed by two methods, Method I and II, that are designed to isolate a mixture of somatic and germ cells or a pure population of germ cells, respectively.
Method I implies a two-step enzymatic digestion to isolate a mixture of different testicular cells (van Pelt et al., 1996; Sadri-Ardekani et al., 2009) . The estimated volume of the biopsy fragments for testicular cell isolation was about 1 cm 3 per individual in case of prostate cancer patients (URO0038; URO0059; URO0126) and 0.15 cm 3 in case of testicular tissue of patients with SCO syndrome (AMC1834; AMC1880; AMC1939). Cell suspensions were obtained first, after enzymatic digestion with Trypsin (Worthington, Lakewood, NJ, USA), hyaluronidase type II (Sigma, St. Louis, USA) and collagenase Type I (Worthington; mainly interstitial cells) and secondly, after enzymatic digestion with hyaluronidase Type II and collagenase Type I followed by overnight differential plating of cells in suspension on plastic dishes (mainly testicular cells from tubular fraction). The obtained cells were cultured in StemPro complete medium based on supplemented StemPro-34 SFM medium (Invitrogen, Carlsbad, CA, USA) for spontaneous formation of mhtSC colonies as previously described (Mizrak et al., 2010) . Furthermore, single spermatogonia were picked manually from cultured and CD49f (pluripotency marker integrin alpha ITGA6)-enriched testicular cells obtained by application of magnetic-activated cell sorting (MACS). Single cells were selected from this CD49f-sorted fraction based on assessment of their morphology by differential interference contrast microscopy, i.e. low intracellular complexity and high nuclear/cytoplasm ratio (van Pelt et al., 1996; Wu et al., 2009 ). Method II combines MACS with matrix selection of testicular cells with the aim to derive a pure population of spermatogonia as previously described (Conrad et al., 2008; Geens et al., 2011) . Briefly, tissue fragments were mechanically disrupted and underwent enzymatic dissociation followed by 96 h plating in the presence of 4 ng/ml glial cell line-derived neurotrophic factor (GDNF; Sigma). Suspensions of unbounded cells were MACS sorted for CD49f(+) (ITGA6) cells, followed by matrix selection for Collagen I nonbinding/laminin-binding testicular cells (Collagen I, BD, San Jose, CA, USA; Laminin, Sigma; Conrad et al., 2008 
Propagation of mhtSC colonies
Compact mhtSC colonies spontaneously formed in primary testicular cell cultures were individually expanded on Matrigel (BD Biosciences) coated wells in culture medium (KO-DMEM; Gibco, Life Technologies), 15% FCS (Gibco, Life Technologies), 25 ng/ml basic fibroblast growth factor (bFGF) (Sigma), 2 mM L-glutamine (Invitrogen), 1% NEAA (Gibco, Life Technologies), 1% insulin -transferrin selenium (ITS; Gibco, Life Technologies), 0.1 mM b-mercaptoethanol (Sigma), 1% Penicillin/streptomycin (Gibco, Life Technologies) at 378C and 5% CO 2 (Chikhovskaya et al., 2012) . MhtSCs originating from expanded colonies for four to five passages were subjected to assessment of surface marker expression profiles by flow cytometry, evaluation of gene expression by RT-PCR and differentiation potential by directed differentiation in vitro.
Reference cell lines
Bone marrow-derived MSCs and dermal fibroblasts of two adult donors were propagated up to passage 4 -5 and used for comparison of cell typeassociated marker expression in RT -PCR. The NCCIT cell line (human embryonic carcinoma cells) at passage 21 was used as reference for optimization of UTF-1 in RT-PCR assays (Kooistra et al., 2009) . NCCIT cells cultured in presence of 0.5 mM GSK-3-b inhibitor 6-bromoindirubin-3 ′ -oxime (BIO; Sigma) were used as positive control for nuclear translocation of b-catenin.
Flow cytometry
For characterization of cell surface marker expression profiles, FACS Canto II flow cytometer (BD Biosciences) and Diva TM acquisition and analysis software have been applied. The following fluorochrome conjugated antibodies were used to perform flow cytometric assays: anti-CD31PE, anti-CD34PECy TM 7, anti-CD34FITC, anti-CD44PE, anti-CD45APC or anti-CD45PECy TM 7, anti-CD49fFITC, anti-CD73PE, anti-CD90APC, anti-CD105FITC, anti-CD117PE, anti-CD200PE, anti-HLAABCAPC and anti-HLADRAPC (all from BD Pharmingen, San Jose, CA, USA). Anti-CD146FITC antibody was purchased from (Miltenyi Biotec, Bergisch Galdbach, Germany). Anti-CD29FITC was provided by eBioscience (San Diego, CA, USA) and anti-CD133APC by Miltenyi Biotec (Bergisch Galdbach, Germany) Anti-SSEA4 antibodies labeled with PE or Alexa Fluor 700 were purchased from BD Pharmingen and Invitrogen Molecular Probes (Carlsbad, CA, USA), respectively. Matched isotype controls were applied to determine background fluorescence levels. 7-aminoactinomycin D (7-AAD; BD Pharmingen) was applied for exclusion of non-viable cells from analysis. 
Magnetic-activated cell sorting
Gene expression analysis
Total RNA was extracted using the RNeasy mini-kit (Qiagen, Hilden, Germany) accompanied with on-column DNAse treatment by RNAse-Free DNAse (Qiagen). One microgram of total RNA was used as input for reverse transcription with the Superscript II Reverse transcriptase kit (Invitrogen). In case limiting numbers of cells were available, RNA isolation was performed using Arcturus PicoPure RNA isolation Kit (Applied Biosystems/Life Technologies, Grand Island, USA). Obtained total RNA was checked for genomic contamination by carrying out PCR assay specific for genomic DNA sequence and amplified using the Ovation PicoSL WTA System V2 kit (NuGEN, San Carlos, CA, USA) with 500 pg input per amplification reaction. The cDNA was used for quantitative RT-PCR and conventional RT-PCR in concentration of 5 ng and 50 ng per reaction, respectively. PCRs were performed using gene-specific primer pairs (Supplementary data, Tables S2 and S3 ). In control reactions, reverse transcriptase was omitted. The specificity of RT -PCR was confirmed by sequencing the PCR products. Additionally, cDNA of human ESCs (HuES-1) was used as control in the PCR assays for expression of cell type-specific markers. Quantitative RT-PCR Figure 1 Representation of the cell isolation procedures, culture conditions and plating densities of the initial cultures for formation of mhtSC colonies.
MACS, magnetic-activated cell sorting; GDNF, glial cell line-derived neurotropic factor.
Origin of multipotent human testis-derived stem cells was performed using a Roche LC 480 instrument using Universal Probe Library assays (Universal ProbeLibrary Assay Design Center www. roche-applied-science.com). Data were normalized for the expression of hypoxanthine phosphoribosyltransferase 1 (HPRT1) as a reference and analyses was performed using the relative expression software tool (REST; www. qiagen.com).
In vitro differentiation of mhtSCs
Differentiation of mhtSCs toward mesodermal lineages (adipogenic, osteogenic and chondrogenic) was induced according to the standard guidelines of bone marrow MSC differentiation as previously reported (Prockop, 1997; Pittenger et al., 1999; Hellingman et al., 2010) . For evaluation of the cell differentiation state, histochemical stainings were performed (Pittenger et al., 1999 Immunofluorescence Plated primary testicular cell suspensions and primary testicular cell cultures with arising mhtSCs colonies were fixed with 4% paraformaldehyde (PFA) and underwent immunostaining using a general protocol (www.abcam. com, Guideline procedure for staining of cell cultures using immunofluoresence). The primary mouse anti b-catenin antibody (BD Transduction labs, San Jose, CA, USA) was used in a 1:100 dilution. The NCCIT cell line was used as a model for optimization of dilution ranges. Immunocomplexes were visualized using donkey anti-mouse Alexa 488 secondary antibody (Invitrogen Molecular Probes) and 4,6-diamidino-2-phenylindole counterstaining. Samples were analyzed using fluorescence microscope (Leica DMRA, Leica, Wetzlar, Germany) and confocal microscope (Leica SP8X, Leica, Wetzlar, Germany).
Statistical analysis
Statistical analysis of quantitative RT-PCR data and group comparisons was performed using the Relative Expression Software Tool (REST, version 2008) (Pfaffl et al., 2002) . All data are presented as mean + SEM. A value of P , 0.05 was considered as statistically significant.
Results
In vitro generation of mhtSCs from a mixture of germ cells and somatic cells, single spermatogonia or only somatic cells
We employed our previously established method to obtain testicular cell fractions from testis tissue with normal spermatogenesis that contained both somatic cells and germ cells (Fig. 1, Method I ). Testicular cell suspensions were evaluated for specific cell surface marker expression. Flow cytometrical assay of starting populations revealed remarkable differences in their cell content. In both cell populations, obtained after the first and second enzymatic digestion with overnight plating, the majority of cells were HLAABC(2) germ cells (95 -98%) with only minor amounts of HLAABC(+) somatic cells (2-5%). The HLAABC (2) germ cells obtained after the first enzymatic digestion mainly contained CD49f dim cells (2-3%), while HLAABC(2) germ cells harvested after the second enzymatic digestion with overnight plating contained CD49f dim cells (reaching up to 3-5% of general population) and a distinguishable small subpopulation of CD49f bright cells (0.05-0.07%; Fig. 2A and B, Supplementary data, Fig. S1 ). In both cell preparations, after the first enzymatic digestion and after the second enzymatic digestion, the HLAABC(+) somatic cells contained only some cells with a CD49f dim phenotype (,0.1%; Fig. 2A S2 ). Culturing of the testicular cell suspensions of the first and second enzymatic digestion showed rapid proliferation of cells, including somatic testicular cells, reaching passage 4-6 in a period of 50 days. At the same time, the start of the cell propagation is always accompanied by the rapid decrease of germ cell content due to quick cell death of differentiating germ cell that are abundantly present in initial cell suspensions. As a result of this process the ratio of germ cells versus somatic cells in cultures already at passage 1 were changed in an inverse manner to 96 -98% of HLAABC(+) somatic cells and 4 -2% of HLAABC(2) germ cells (Supplementary data, Fig. S3 ). Spontaneous arising of mhtSC colonies were observed to arise spontaneously from Week 3 onwards. No differences in morphology and generation rate of mhtSC colonies between cultures from different individuals as well as between cultures started from cell suspensions after the first or second enzymatic digestion with overnight plating were observed ( Fig. 2C and D) . When single spermatogonia, selected by micromanipulation after CD49f+ MACS sorting of cultured testicular cells were subcultured on laminin or Matrigel in StemPro medium, none of them Origin of multipotent human testis-derived stem cells resumed proliferation or generated mhtSC colonies, also not after culturing in conditioned medium derived from mixed testicular cell cultures. The spermatogonia remained in culture for 2 weeks and finally degenerated. We also cultured primary testicular cells after the second enzymatic digestion from the testicular biopsies of SCO patients with complete loss of germ cells. Unfortunately, due to the low number of cells obtained from testicular tissue due to limiting size of testicular biopsy, flow cytometrical assessment of the starting population could not be performed. When cultured in similar conditions as described for mixed testicular cells, the testicular somatic cells from the SCO patients rapidly started to proliferate and reached passage 5 in 50 days. Strikingly, cells from these testicular biopsies also spontaneously gave rise to testicular cell cultures with mhtSC colonies indistinguishable from the colonies derived from testis tissue of individuals with complete spermatogenesis (Fig. 2E) .
In vitro generation of mhtSCs of pure germ cell fraction
We applied the method of Conrad et al. (2008) to obtain highly purified germ cell populations (Fig. 1, Method II) . In doing so, we obtained only a limited number of cells, albeit highly homogeneous. The isolated cells possessed all morphological characteristics of spermatogonia, i.e. round cells with low intracellular complexity, high nucleus/cytoplasm ratio and two or three relatively big nucleoli (Fig. 2F) . Unfortunately, due to the low number of cells obtained from testicular tissue after application of this isolation method (Supplementary data, Table S1 ), flow cytometrical assessment of the starting population could not be performed. Q-PCR assays confirmed enrichment for spermatogoniaspecific marker MAGEA4, while the somatic cell marker peritubular myoid-specific Alfa 2 smooth muscle actin (ACTA2) was not expressed (Fig. 2G) . When cultured under culture conditions described before for the generation of germ cell-derived pluripotent stem cells (Conrad et al., 2008) , these cells did not expand and remained in culture without any sign of proliferation. Only a few single attached somatic cells could be noticed in some wells (Fig. 2H) . Culture of these spermatogonial cells on MEFs or non-coated plastic dishes in StemPro complete medium also did not result in their proliferation and generation of mhtSC colonies (Fig. 2I and J) . After 2 weeks in vitro, these nonproliferating spermatogonia started to degenerate, and no cell aggregation or formation mhtSC colonies were observed over a period of 1 month (Fig. 2K) .
Surface marker expression profile of mhtSCs
MhtSC colonies originated from testicular cultures of testis tissue possessing complete spermatogenesis, both obtained after the first and second enzymatic digestion with overnight plating, and of testis tissue from patients with SCO syndrome were individually expanded for evaluation of their cell surface markers characteristics. All colonies possessed a similar surface marker expression profile characteristic for MSCs: CD29(+)/CD44(+)/CD49f(+)/CD73(+)/CD90(+)/CD105(+)/ HLAABC(+)/HLADR(2)/CD31(2)/CD34(2)/CD45(2)/CD117(2)/ CD133(2) (Supplementary data, Fig. S4 ). Remarkably, cells from expanded mhtSC colonies also displayed a number of surface markers such as CD146 and CD200, known to identify uncommitted progenitors in heterogeneous populations of MSC in diverse tissues (Supplementary data, Fig. S5 . While mhtSC colonies and subpopulations of mhtSCs at passage 1, 2 demonstrated SSEA4-expression, during further propagation and passaging, expression of SSEA4 gradually reduced similar to our previous observations (Chikhovskaya et al., 2012) .
MSC trilineage differentiation potential of mhtSCs
The ability to differentiate toward three mesodermal lineages (adipo-, osteo-and chondrogenic) is declared as one of the defining criteria of MSC (Dominici et al., 2006; Eildermann et al., 2012) .
Under differentiation-inducing conditions, all mhtSCs, originated from cultures with either mixed germ cells and somatic cells or somatic cells alone, possessed equal trilineage differentiation potential. In case of adipogenic differentiation, lipid accumulation and expression of adipocytespecific markers (LIPOPROTEINLIPASE, ADIPSIN) were observed ( Fig. 3A  and D) . Calcium deposition and expression of RUNX-2 (RUNT-RELATED TRANSCRIPTION FACTOR 2) and SPP1 (OSTEOPONTIN) indicated osteogenic differentiation of mhtSCs ( Fig. 3B and E) . Differentiation toward chondrogenic lineage in cell pellet cultures was confirmed by accumulation of extracellular matrix components (acid mucopolysaccharides) detected by Alcian blue staining as well as expression of cartilage-specific markers COLLAGEN TYPE XI and AGGRECAN ( Fig. 3C and F ).
Molecular characterization of mhtSC colonies
Based on the spontaneous formation of mhtSCs colonies from starting cell populations composed of germ cells and somatic cells or only of somatic cells, but not from highly purified germ cells, we expected that mhtSCs colonies originate from testicular somatic cells, presumably the somatic mesenchymal progenitors.
In order to further evaluate this hypothesis, we characterized the expression of several genes known to make a distinction between multipotent MSCs and fibroblast markers in mhtSC colonies originating from testicular cell cultures of tissues with complete spermatogenesis (after first and second enzymatic steps of cell isolation) and SCO testes (only after second enzymatic step). Expression of Transmembrane 4 L6 family member 1 (TM4SF1), gene previously reported to recognize MSCs from various tissues, was significantly higher in mhtSCs compared with the isolated testicular cell populations and that of MSCs from bone marrow. The expression levels of nuclear factor I/B (NFIB), another MSC-specific gene, were up-regulated but not significant (Fig. 4A) . Expression levels of fibroblast-specific S100A4 and matrix metalloproteinase-3 (MMP3) were significantly lower in mhtSCs compared with control fibroblast cell lines (Fig. 4B) . Spermatogonial-specific genes (PLZF, MAGEA4) were not expressed in any of the mhtSCs. CD49f expression was observed in all mhtSCs (Fig. 4C) . Generally, no differences in surface markers expression profiles, gene expression and differentiation abilities between mhtSC colonies derived from primary testicular cultures of patients with complete spermatogenesis or patients with SCO syndrome were observed.
Comparing molecular characteristics of starting testicular cell populations with derived mhtSCs
In order to further evaluate the origin of mhtSCs, RT -PCR assays for expression of specific biomarkers of spermatogonia, testicular somatic cells and MCSs were performed on isolated germ and/or somatic cells obtained with Method I and non-proliferating spermatogonia derived Origin of multipotent human testis-derived stem cells according to Method II and compared with that of mhtSCs. The cell populations obtained from tissue specimens with normal spermatogenesis using Method I and II possessed expression of germ-specific markers DDX4 and spermatogonial-specific markers undifferentiated embryonic cell transcription factor 1 (UTF1), PLZF, deleted in azoospermia-like (DAZL), while mhtSCs did not express any of these markers (Fig. 5A) . Also the expression of the spermatogonial-specific marker MageA4 was found in cell populations obtained with both Method I and II from biopsies with normal spermatogenesis (Fig. 2G) , while mhtSCs did not show expression of this specific marker (Fig. 4C) . Expression of CD49f could be found in all tested samples (Fig. 5A ) in agreement with detection of CD49f-expressing cells within the somatic cell population of HLAABC(+) as well as the HLAABC(2) germ population ( Fig. 2A,B) . Expression of Sertoli cell-specific follicle-stimulating hormone receptor (FSHR) was found neither in any of the isolated cells nor in mhtSCs (Fig. 5A) .
Cell populations derived with Method I expressed somatic cell markers such as MSC-specific TM4SF1 and ACTA-2, while cells from Method II did not show expression of these markers (Fig. 5A) . These somatic MSC marker TM4SF1 and to a lesser extent the fibroblast marker S100A4 were expressed by starting populations of Method I, both from testis tissue with normal spermatogenesis and testis tissue with SCO, and by all mhtSCs (Figs 4B and 5B).
Tracing of EMT in primary testicular cell cultures
Although the number of Sertoli cells is very low or even undetectable in the initial testicular suspensions and in mhtSC colonies as indicated by the lack of expression of the FSH receptor (Fig. 5A) , these cells could potentially be a source of mhtSC by EMT in primary testicular cell cultures. In order to verify if indeed EMT caused mhtSC formation, we investigated during the process of colony formation the presence of EMT-specific markers (typical for so-called metastable cells; Lee et al., 2006; Tanwar et al., 2011) . Using an immunofluorescence assay for b-catenin, we did not detect cells possessing the EMT-associated nuclear translocation of b-catenin in the primary testicular cell cultures nor within arising mhtSC colonies themselves (Fig. 5C and D, Supplementary data, Fig.  S6 and movie S1).
Discussion
In the current study, we have demonstrated that mhtSC colonies only arise in testicular cell cultures that contain somatic cells even in the absence of germ cells. In addition, mhtSC colonies, either originating from testicular tissue specimens with normal spermatogenesis or specimens with SCO syndrome, arise in a similar frequency and are indistinguishable from each other on the morphological, molecular and functional level.
In our previous study, we demonstrated that the mhtSCs generated in human testicular cell cultures are not pluripotent, but resemble MSCs (Chikhovskaya et al., 2012 ). In the current study, we performed generation of mhtSC colonies from primary cultures of selected testicular cell populations in order to determine the cell type of origin. The cell populations obtained with the two enzymatic step isolation method previously established in our laboratory (Method I) always provide mhtSC colonies, even from testis with SCO. When applied to testicular tissue with complete spermatogenesis, the starting testicular cell suspensions contained germ and somatic cells. Flow cytometrical analysis revealed immunophenotypes corresponding to that of spermatogonia and testicular somatic cells (Geens et al., 2007; He et al., 2009 ). Testicular cell Figure 4 Expression of somatic and germ cell-specific markers by mhtSCs. Quantitative PCR assays for expression of (A) MSC-specific markers, (B) fibroblast-specific markers and (C) germ cell-specific markers by mhtSCs derived from different starting testicular cell suspensions. Data are presented as mean + SEM. A value of *P , 0.05 was considered as statistically significant.
suspensions from biopsies with full spermatognesis obtained after first and second enzymatic digestions with overnight plating showed expression of spermatogonia-specific genes in addition to MSC and fibroblast (FB)-specific genes. In contrast, only MSC-and FB-specific markers were detected in samples derived from SCO testis tissues using the same isolation method. This indicates that mhtSCs derive from testicular cell cultures that contain somatic cells irrespective of the presence of spermatogonia.
In parallel, we applied a testicular cell isolation protocol based on MACS for CD49f(+) cells followed by a matrix selection procedure (Method II; Conrad et al., 2008) . In contrast to our results, this method of testicular cell isolation was previously reported as the initial step in the generation of pluripotent testis-derived stem cells (Conrad et al., 2008) . The obtained small but highly homogenous cell population possessed expression of known human spermatogonial markers, including UTF1, PLZF and MAGEA4 and germ cell marker DDX4 (von Origin of multipotent human testis-derived stem cells Kopylow et al., 2010) . Although some preparations showed a few single contaminating adherent spindle-shaped somatic cells in culture in combination with low ACTA2 expression level, generally this method provided an almost pure germ cell subset of round feebly bounded germ cells. In all cell populations obtained with Method II, the presence of uncommitted spermatogonia was confirmed by detection of the pluripotency-associated transcription factor UTF1. UTF1 was recently identified as a spermatogonial-specific marker in human adult testis with expression restricted to A dark and A pale spermatogonia (von Kopylow et al., 2010 (von Kopylow et al., , 2012 . An algorithm applied for determining human germ and somatic testicular cells based on expression of specific biomarkers is presented in Fig. 6 .
Besides the notable differences between cell fractions obtained with the two isolation methods, they showed expression of common markers. It is well established that mouse and human SSCs express CD49f (ITGA6) (Wu et al., 2009; He et al., 2012) . Nevertheless this surface molecule is well known to be expressed by a wide range of somatic cells including MSCs (Kaltz et al., 2008; Qian et al., 2012) . In the current study, we were able to detect CD49f expression in HLAABC(2) germ cells as well as in HLAABC(+) somatic cell populations (Fig. 6 ) and showed prominent expression of CD49f transcripts by RT -PCR in the isolated testicular cells. This result is in agreement with our observation that for obtaining highly pure spermatogonia by Method II, the initial MACS sorting for a CD49f(+) population from the testicular cell suspension must be followed up by an enrichement for spermatogonia via matrix selection procedure for removal of CD49f+ somatic cells. Taking in consideration that harvesting of the target populations during Collagen I and Laminin matrix selections is based on repetitive washings of plates, the chance of unintentionally harvesting of somatic cells always exists. This fact explains the occurrence of single spindle-shaped somatic cells and detection of low ACTA2 expression levels in some isolated cell populations, while the vast majority of the isolated cells are CD49f(+)-expressing spermatogonia. Our observations are in line with a previously published study where a matrix adhesion-based protocol has been evaluated for its applicability to eliminate contaminating malignant cells from human testicular cell suspensions. While significant enrichment of the germ cell population was achieved, complete depletion of malignant cell could not be reached (Geens et al., 2011) .
In the current study, we repeatedly attempted propagation of nearly pure isolated spermatogonia from Method II under various culture conditions, but we never observed proliferation or generation of mhtSC colonies. Moreover, single cell subculture of spermatogonia harvested by micromanipulation from propagated and CD49f(+) sorted testicular cells did not resume proliferation or form mhtSC colonies. Even when cultured in conditioned medium from testicular cells, these spermatogonia did not resume proliferation. This indicates that factors secreted by somatic cells in conditioned medium are not sufficient to induce or maintain the proliferative state in spermatogonia and may suggest that cell-cell contact between spermatogonia and somatic testicular cells is essential for proliferation of germ cells.
Recently, several studies identified biological markers typical for human type A spermatogonia such as fibroblast growth factor receptor 3 (FGFR3, CD333), UTF1 and consequently disclosed possible molecular mechanisms of their self-renewal and differentiation (von Kopylow et al., 2010) . It became apparent that besides having some comparable characteristics with rodent germ line stem cells, human SSC seemed to hold their unique features, including specific gene expression, the mechanisms Figure 6 Biomarkers applied to distinguish human germ and somatic testicular cells.
controlling self-renewal, differentiation and stage hierarchy (He et al., 2009; Ko et al., 2010a,b; von Kopylow et al., 2012) . Therefore, a direct transition of methods and culture conditions efficient for induction of pluripotent cell state of rodent germ cells are not applicable for human germ cells. The culture conditions applied in this study, largely based on achievements in rodent germ cell culture techniques (Stem Pro medium, LIF supplementation, a.s.o.), did not provide generation of bona fide pluripotent stem cells from highly purified human spermatogonia (Fig. 7) . This observation is in agreement with the earlier described concerns regarding the pluripotent cell state of previously described 'pluripotent' stem cells derived from human testicular cell cultures in respect to pluripotent gene expression profiles and ability to form teratomas (Ko et al., 2010a (Ko et al., ,b, 2011 .
In contrast to the pure spermatogonial cell suspensions, all cell suspensions obtained after application of the first or second enzymatic steps (Method I) contain both germ and somatic testicular cells or only somatic cells in case of SCO testicular tissue. SCO-derived testicular cell suspensions showed rapid attachment and proliferation of somatic cells that finally gave rise to mhtSCs colonies with equal efficiency (Fig. 7 ). As we previously described (Chikhovskaya et al., 2012) , the immunophenotype of the observed mhtSCs corresponds to the conventional panel of cell surface and molecular characteristics for MSCs consistent with minimal criteria of MSC identification (Dominici et al., 2006) . The mhtSCs possess consistent differentiation toward mesodermal lineages resembling basic features of MSCs derived from various tissues, that are also existing in the human testis (Gonzalez et al., 2009) . Furthermore, all expanded mhtSC colonies possessed high expression levels of markers such as TM4SF1, a marker that has recently been recommended as a marker able to uniquely identify MSCs from most tissue sources (Bae et al., 2011) and NFIB known to distinguish bona fide MSC from plastic-adherent fibroblasts (Wagner et al., 2005; Kaltz et al., 2010) . In addition, mhtSC colonies contain cells expressing CD146 (MCAM), a marker specific for uncommitted bona fide MSCs typically possessing differentiation potential toward three mesodermal lineages, supporting a mesenchymal phenotype of mhtSCs Dominici et al., 2009; Russell et al., 2010) .The same CD146+ cell population was present in the starting testicular suspension within the HLA ABC (+) somatic cell subset before plating and Origin of multipotent human testis-derived stem cells did not appear de novo in culture, which could indicate that these testicular MSCs are likely the cell type origin of the mhtSCs.
On the other hand, mhtSCs, possessing mesenchymal properties, could potentially be formed by testicular somatic cells undergoing EMT. However, screening of primary testicular cell cultures during mhtSC colony formation did not reveal cells with the previously described EMT-specific phenomenon of b-catenin nuclear translocation; neither in cells present in the primary cell culture nor in the forming colonies (Lee et al., 2006; Tanwar et al., 2011) . These results indicate that mhtSCs arise from testicular mesenchymal progenitors that are already present in the starting cell population rather than by EMT of other somatic cell types in vitro.
In addition, the finding that mhtSCs also arise efficiently from testicular cell culture from testis of patients with SCO, provides compelling evidence that mhtSCs do not arise as a result of incomplete reprogramming of germline stem cells in vitro. Based on this fact together with the absence of EMT in culture, we can conclude that mhtSC colonies originate from somatic mesenchymal cells present in the testicular cell cultures and pre-existing in the isolated starting cell population.
Summary
In conclusion, the current study shows that mhtSC colonies arise in vitro from somatic testicular cells and not from germ cells. This contrasts sharply with previous findings in mouse where complete spontaneous reprogramming of germ cells into pluripotent stem cells was clearly demonstrated. Thus, our finding of testicular MSC origin of mhtSCs, clearly demonstrates that the human testis harbors two stem cell types, being the unipotent SSCs and the multipotent MSCs, and both do not spontaneously change their potency in vitro.
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